Abstract: The influence of thermal treatment on the performance of polymers as dispersants for calcium hydropxyapatite, HAP, was investigated in an aqueous system. The polymeric additives tested include: homopolymers of acrylic acid (AA) and maleic acid (MA); co-polymer of AA:SA (2-acrylamido-2-methylpropane sulfonic acid) and ter-polymers of AA:SA:t-bAM (tertiary butyl acrylamide) and AA:SA:SS (sulfonated styrene). It was found that polymers containing SA upon exposure to heat treatment (i.e.,150 o to 200 o C, 1 hr to 20 hr) undergo degradation. The extent of degradation as investigated by NMR and FT -IR techniques indicates that at higher temperature and longer exposure time, SA is essentially degraded to acrylic acid. Among the ter-polymers tested, SS containing polymer exhibits more stability to thermaI treatment than the t-BuAm containing polymer. In addition, it has been found that polymer architecture strongly influences the performance of polymer as HAP dispersant.
INTRODUCTION
Calcium hydroxyapatite [Ca 5 (PO 4 ) 3 OH, HAP] is known as the main component of hard tissues i.e, teeth and bones. At low calcium phosphate super-saturation, HAP directly crystallizes and grows. On the other hand, at higher supersaturation it is generally agreed that initially precipitated phase, at pH above 7, is an amorphous calcium phosphate, ACP. In treating industrial water a variety of additives are incorporated into a formulation to achieve certain desired performance objectives of the system 1 . These additives include scale inhibitors, dispersants, corrosion inhibitors, and biocides.
During the last three decades , the influence of polymers as precipitation inhibitors for calcium phosphates has been the subject of numerous investigations 2 -4 . However, the impact of thermal stability of polymers as dispersants for HAP has been mostly overlooked. Thermal degradation of polymers is a well studied area. From application point of view, polymers used in high temperature operations i.e., boiler water treatment, thermal desalination, geothermal, etc., should be able to sustain high temperature and pressure environments normally associated with high temperature processes. O C (592 psig), 18 hr] that poly(acrylic acid), P-AA; poly(maleic acid), P -MA; and poly(methacrylic acid), P -MAA all underwent some degradation. In terms of molecular weight loss, P -MAA lost slightly less molecular weight than P -AA which lost considerably less than P-MA. Additionally, P-AA and P -MAA had minimal performance changes whereas P-MA displayed a substantial loss in performance. In this paper we have examined the impact of heat treatment on the performance of various polymers currently used as HAP dispersants in industrial water formulations. In addition, NMR and FT-IR techniques were used to characterize the polymers before and after thermal treatment.
EXPERIMENTAL
Grade A glassware and reagent grade chemicals were used. Hydroxyapatite used in the present study was obtained from Mallinckrodt Baker, Inc., Phillisburg, NJ, USA.
The polymeric materials used as dispersants were selected from commercial and experimental materials. All dispersant solutions were prepared on a dry weight basis. The desired concentrations were obtained by dilution. Table 1 lists the polymers tested in the present study and are used in many industrial applications such as cooling, boiler, textile, desalination, etc. Thermal Treatment of Dispersant: A solution of polymer was prepared c ontaining 10% polymer (as active solids) at pH 10.5 using sodium hydroxide to neutralize the polymer. Sodium sulfite (0.1%) was used as an oxygen scavenger. A known amount of polymer solution was retained for characterization and performance testing. The balance was charged to a stainless steel tube. The headspace was purged with nitrogen followed by tightening the fittings. The tube was then placed in the oven maintained at the required temperature [either at 150 O C (84 psig) or 200 O C (241 psig)]. At known time , tubes were removed from the oven, cooled to room temperature, and solution transferred to vials for characterization and performance testing. In addition, polymers were characterized before and after thermal treatment for composition and molecular we ight by NMR and GPC techniques.
Dispersancy: The dispersancy experiments were run in 100 mL graduated cylinders and at room temperature (~23 O C). The HAP dispersion test was conducted by adding 0.25 g of HAP to known volume of synthetic water containing varying amount of dispersant. After the addition of HAP, cylinders were covered with parafilm and manually mixed with a motion similar to repeatedly turning over an hourglass for 2 minutes and left to stand. The synthetic water contained calcium chloride, magnesium chloride, sodium chloride, sodium sulfate and sodium bicarbonate. The experimental solution in the cylinder totaled 100 mL and was comprised of varying dosage (0 to 10 ppm) of dispersant, 0.25 g HAP, 105 mg/L Ca, 31 mg/L Mg, 353 mg/L Na, 600 m g/L Cl, 209 mg/L sulfate, and 116 mg/L bicarbonate. These electrolytes are added to water to simulate field conditions.
A standard experiment consisted of eight tests running simultaneously in eight cylinders. At hourly intervals transmittance (%T) readings were taken using a Brinkmann PC/910 colorimeter using a 420 nm filter. Results from these experiments have shown good reproducibility within ± 5%. Dispersion (%D) was calculated from %T (tranmittance) readings as a function of HAP dispersed compared to control (80% T) , a test run with no dispersant. Therefore, greater dispersion was indicated by greater %D. The %D was calculated using the following equation: poly(acrylic acid: 2-acrylamido 2-methylpropane sulfonic acid: sulfonated styrene) P-ASS RESULTS AND DISCUSSION Using the experimental protocol described above a series of dispersion experiments were run with a variety of polymers ranging from homo-polymers to co-polymers, and terpolymers. Figure 1 shows the HAP dispersion data on three different hompolymers (i.e., P-Ao, polyacrylic acid made in organic solvent; P-Aw, polyacrylic acid made in water; P -MA, polymaleic acid). It is evident from Figure 1 that P-Ao is a better dispersant than P-Aw. Figure 1 also shows data on thermally treated homopolymers. It can be seen that all polymers exhibit loss in dispersancy power. It is interesting to note that P-Ao lost more dispersancy power than P-MA and P-Aw. It is worth noting that even after thermal treatment P -Ao performs better than P-Aw. In addition, it has been previously reported that poly(acrylic acid) made in organic solvent are more tolerant to calcium ion than water polymerized poly(acrylic acid). The observed difference in performance between organic solvent polymerized and water polymerized poly(acrylic acid) as presented in this paper as well as reported 6, 7 earlier clearly shows that polymerization solvent plays an important role in changing the molecular architecture of the polymers and their solution behavior. The performance of sodium lignosulfonate, SLS, a natural material, is illustrated in Figure 1 . It can be seen that SLS with and without heat treatment exhibits poor performance compared to poly(acrylic acid) and poly(maleic acid). The poor performance shown by SLS may be attributed to lack of carboxyl groups in SLS and/or higher MW. O C, 20 hr) has a marked effect on the performance of 2 -acrylamido-2-methylpropane sulfonic acid (SA) containing polymers (P-AS, P -ASN, P -ASS). NMR experiments on the heat treated polymers indicate that essentially all the SA monomer got degraded to acrylic acid thus resulting in bigger loss in dispersancy power of the polymers.
The polymers before and after thermal treatment were also characterized by FT-IR (Attenuated total reflectance infra -red) spectrometer. It was found that those polymers containing sulfonic acid, the amide carbonyl band near 1,655 cm -1 diminishes and eventually disappeared during heat treatment, as the amide functionality is oxidized. As the amide carbonyl diminishes, a complementary carboxylate salt band near 1,565 cm -1 grows; this band is indistinguishable from the carboxylate salt band observed in polyacrylate salt type product (i.e., P -Ao). As shown in Figure 2 the %D loss in heat treated co-polymer (i.e., P -AS) is much higher than the %D loss observed for ter-polymers (i.e., P-ASN and P-ASS). It is worth noting that among the ter-polymers, P -ASS retained more dispersancy activity. The observed difference in heat treated ter-polymers may be attributed to more thermal stability of sulfonated styrene than ter-butylacrylamide. I t should be pointed that relatively better performance of SS containing ter-polymer over SA containing co-polymer in inhibiting the precipitation of calcium phosphate has been previously reported 8 . The influence of heat treatment time on the performance of ter-polymers was investigated by conducting a series of dispersion experiments. The dispersion data presented in Figure 3 reveal that heat treating the polymer solutions for 1 hour at 200 O C does not exhibit any significant loss in dispersancy power. However, as the exposure time is increased to 8 hr and 20 hr, a gradual decrease in polymer dispersancy activity is observed. It is interesting to note that P-ASN lost more activity than P-ASS as the exposure time is increased from 8 hr to 24 hr. 
SUMMARY
This study has shown that:
• Polymer composition plays a significant role in dispersing HAP in aqueous solution.
• Testing of heat treated samples indicate that sulfonic acid containing co-and ter-polymers lost more dispersing power than the SS containing ter-polymers.
• Polymer thermal stability strongly depends upon thermal treatment (i.e., exposure time, temperature).
• NMR and FT-IR analyses of the polymers exposed to heat treatment reveal that the SA and t-BuAm containing co-and ter-polymers underwent more severe degradation than terpolymer containing AA:SA:SS.
